Since the advent of the draft human genome sequence there has been growing interest in transcriptome analysis based on genomic data. The Gene Resource Locator (GRL) assembles gene maps that include information on gene-expression patterns, cis-elements in regulatory regions and alternatively spliced transcripts. The database was constructed using customized software, and currently contains 2.2 million alignments (exon-intron structures). The alignments have been annotated and integrated into a system that encompasses approximately 90 000 EST loci sharing common exons, 8091 alternatively spliced transcript groups, 10 801 expression-profile groups, 8066 candidate regulatory regions in full-length cDNAs, and 1 million SNP loci. We have used Flash technology to build a dynamic web viewer that facilitates browsing through the millions of align-
INTRODUCTION
Controversy persists regarding the number of genes in the human genome (1) (2) (3) (4) (5) . However, it appears that there are no more than 40 000 individual genes (1,2) which, surprisingly, is only double the number of genes (19,000) present in Caenorhabditis elegans. This indicates that the correlation between species complexity and gene number is not stringent and that complexity is determined by other factors, such as alternative splicing, tissue-specific expression and cis-regulatory mechanisms at the transcriptome level. Therefore, we analyzed the entire draft human genome sequence and mapped millions of expressed sequence tags (ESTs), in order to develop a novel annotation scheme for transcriptome analysis.
BEYOND THE GENE LOCUS MAP AND TOWARDS TRANSCRIPTOME ANALYSIS
Although several excellent genomic maps have been constructed, such as those at UCSC, EBI and NCBI, we adopted a different approach to transcriptome analysis that included: (i) the association of gene-expression patterns with genetic loci; (ii) the annotation of regulatory regions with putative cis-regulatory elements; and (iii) the identification of alternatively spliced variants. This strategy involved the alignment of ESTs from various sources, such as UniGene (6,7), BodyMap (8) , dbSNP (9) and full-length cDNA databases (10) . In general, EST alignments rely upon sets of non-redundant transcripts, such as UniGene representative sequences (6) , and curated reference sequences, such as RefSeq (11), largely because current information regarding transcripts consists of anonymous and highly redundant ESTs. However, this type of analysis may discard polymorphisms and levels of complexity that involve tissue-specific gene expression and splice variants. To avoid this simplification, we first aligned all the available sequences in the UniGene human dataset (Build 141; http://www.ncbi.nlm.nih.gov/UniGene/Hs.Home.html) against the draft human genome sequences (UCSC Golden Path Aug freeze; http://genome.ucsc.edu/), and then integrated the alignments to determine the positional clustering of genes and global tissue-specificities. Complex computational obstacles had to be overcome to allow the alignment of millions of ESTs. In order to efficiently compute the alignments, we developed optimization techniques (data not shown) for accelerating dynamic programming algorithms. Thus, 3 million ESTs were aligned to a newly revised draft genome in just 1 day. Millions of EST alignments were placed in groups by iterating the process of merging two alignments sharing common exons, until no new members could be added to the groups. This clustering of genes is helpful, not only in identifying a group of ESTs coded at the same locus, but also in gathering information on alternatively spliced transcripts and in associating expression patterns with specific loci. These aspects are illustrated in the following sections.
STATISTICS
We selected alignments where: (i) the matching ratio was at least 90%; (ii) the coverage ratio was at least 50%; (iii) the exon length was at least 15 bp; and (iv) the intron length was maximally 400 000 bp. Table 1 illustrates the statistical analysis of EST alignment numbers and other relevant data. An alignment identity cutoff of 85% might be too low, as it would result in the cross-alignment of paralogous genes. On the other hand, too high an identity cutoff might discard reliable alignments that contain a few mismatches, because one-path sequencing *To whom correspondence should be addressed. Tel: +81 3 5841 4116; Fax: +81 3 5841 4116; Email: moris@gi.k.u-tokyo.ac.jp generates 5% mismatched sequences on average. Bearing these considerations in mind, we chose a default cutoff value of 90%.
TOOLS FOR GENE FUNCTION ANALYSIS
The GRL provides several tools for the functional analysis of transcriptomes.
Associations between BodyMap gene-expression patterns and alignment clusters
The correlation of expression patterns with gene clusters is a crucial step in functional analysis. To this end, we used the BodyMap gene expression database containing site-directed, 3′-ESTs. This database has been generated and maintained at Osaka University and the University of Tokyo (http:// bodymap.ims.u-tokyo.ac.jp/). To date, the database contains 18 998 non-redundant representative sequences from 64 human tissues. The expression levels of representative genes in 30 distinct human tissues have been published. We aligned all of the BodyMap representative sequences to the genome sequence. Thus, alignment clusters having BodyMap alignments were labeled with the expression patterns of the BodyMap sequences; 10 801 tissue expression patterns were thereby assigned to alignment clusters ( Fig. 1) 
Annotation of putative cis-regulatory elements
One of the first steps towards the resolution of gene transcription mechanisms is the identification of promoter regions. For this purpose, we aligned full-length enriched cDNA sequences (http://cdna.ims.u-tokyo.ac.jp) with authentic 5′-terminal startpoints, and extracted 8066 upstream regions from these sequences. These upstream regions probably contain regulatory elements, such as promoters, suppressors and enhancers. We further annotated the upstream regions with candidate cis-acting elements using TRANSFAC (12) . Figure 2 illustrates an example of an upstream region that has been annotated with various theoretical binding sites. 
Identification of alternatively spliced transcripts
A cluster of alignments containing putative alternatively spliced transcripts is shown in Figure 3 . The lower alignment has six exons, but some of the other alignments do not use the third, fourth or fifth exon. It is also noteworthy that two different lengths of the third exon exist. Of the 27 369 alignment clusters with multiple exons, alternatively spliced candidates were identified in 8091 clusters and displayed graphically in the viewer.
Data cleansing and SNP classification
To classify SNPs according to their positional context, we aligned the sequences in the dbSNP (http://www.ncbi.nlm.nih.gov/SNP).
The following criteria were used to identify SNP locations and to remove uninformative SNPs: (i) the sequence mapped to a unique location in the draft genome; (ii) the matching ratio was at least 99%; (iii) the coverage ratio was 100%; and (iv) the alignment did not contain any gaps. The matching ratio was defined as the number of nucleotides in the EST that aligned with the draft genome relative to the length of the aligned EST. The coverage ratio was defined as the number of aligned nucleotides relative to the full length of the EST. The aligned SNPs were classified as regulatory, coding or non-coding, depending on their location. For example, in Figure 4 , the SNP labeled 'a' is a coding SNP, while the other SNPs (labeled 'b' to 'e') are non-coding SNPs.
Processed pseudogenes arising from retro-transposition
In some cases, an EST could be mapped to more than one location. In Figure 5 , for instance, a RefSeq sequence was mapped to six distinct loci. One alignment, at 99.8% identity, consisted of six exons, while the others were all intronless alignments with a <95% matching ratio. The genomic sequences surrounding this type of intronless alignment with low matching ratio often reveal processed pseudogenes that have arisen from retro-transposition. Thus, information on matching ratios and the number of exons is useful for detecting potential pseudogenes.
Querying the database with identifiers
The GRL accepts database queries containing accession numbers, RefSeq (11) symbol names or BodyMap GS numbers. If more than one alignment exists for the requested EST, the system displays the location, the strand, the matching ratio and the number of exons for each alignment. The user then clicks on one of the alignments to browse its structure in the structure window. The list of distinct alignments for the same EST is also helpful in elucidating the real EST gene and pseudogenes.
GRAPHICAL REPRESENTATION OF EST ALIGNMENTS
To facilitate the browsing of millions of alignments, we developed a GRL viewer with dynamic GUI. Figure 6 shows the top-level representation of the GRL viewer, which offers chromosome, cluster and structure windows. To access alignments, the chromosome number in the chromosome window is selected. Clicking the region of interest on each chromosome displays the alignment clusters in that region in the cluster window. This system is capable of representing 10 million base pairs dynamically along a genome sequence. Each cluster is represented by a sequence of orange/green boxes showing representative exon-intron structures within the cluster. Clicking on one of the clusters brings up the individual alignments in the structure window. A collection of EST alignments in the structure window and associated splice variants are shown in Figure 2 ; 
DYNAMIC GRAPHICAL VIEWER AND DATABASE ARCHITECTURES
Since the GRL server offers millions of alignments, it is important to use visualization tools that work efficiently, even on low-bandwidth networks connecting World Wide Web data servers and users' browsers. We chose Macromedia Flash, because of its widespread acceptance and the capability that it offers to design and deliver low-bandwidth dynamic representations. The viewer is implemented in ActionScript (Flash) and PHP. GRL uses a freely available relational database, MySQL, as a back-end. The dataflow diagram is shown in Figure 7 . The collection of PHP scripts executes pre-defined SQL queries on the database, manipulates the data and presents it in a variety of forms. The server provides an interface that allows querying of the database, so one can look for and browse gene alignments. The Macromedia Flash software designs and delivers dynamic representations in which millions of ESTs' locations and structures, along with a wide variety of genomic sequence annotations, can be displayed interactively. The Flash-based browser is available through the World Wide Web on the Gene Resource Locator home page (http://grl.gi.k.u-tokyo.ac.jp).
UPDATES AND FUTURE DIRECTIONS
Our mapping software can align millions of ESTs to a newly revised draft genome in a single day. Therefore, we will frequently update the entire database as the draft genomes are revised or EST sets (UniGene, BodyMap, Full length cDNAs) are updated. We also plan to provide analytical tools via the GRL database, not only for human genomes, but also for the genomes of experimental-model species, such as mouse and rat, thus making cross-species comparisons possible. To facilitate the further analysis of expression profiles and cis-acting elements, we are also considering the incorporation of SAGE (serial analysis of gene expression) tags and Microarray probe sequences into the GRL database. Furthermore, to aid experimentation, a computational tool for designing primers and probes will be added. These primers will be useful in studies of gene-expression patterns and in elucidating which exon combinations function in different tissues. All of these tools will be made available, via a free license, for academic and non-profit use through the GRL database. 
